As one of the most important mineral nutrient elements, potassium (K + ) participates in many plant physiological processes and determines the yield and quality of crop production. In this review, we summarize K + signaling processes and K + transport regulation in higher plants, especially in plant responses to K + -deficiency stress. Plants perceive external K + fluctuations and generate the initial K + signal in root cells. This signal is transduced into the cytoplasm and encoded as Ca 2+ and reactive oxygen species signaling. K + -deficiency-induced signals are subsequently decoded by cytoplasmic sensors, which regulate the downstream transcriptional and posttranslational responses. Eventually, plants produce a series of adaptive events in both physiological and morphological alterations that help them survive K + deficiency.
INTRODUCTION
Potassium (K + ) is the most important and abundant cation in living plant cells and plays crucial roles in many fundamental processes, including enzyme activation, membrane transport, anion neutralization, and osmoregulation (27) . As one of the principal nutrient elements, it significantly affects multiple plant physiological processes, including photosynthesis and transport/translocation of assimilation products, and consequently affects overall plant growth and development. Owing to the limited availability of K + in soils, most plants living in the natural environment often suffer from K + -deficiency stress. To adapt to K + -deficient environments, plants have evolved a complex signaling and physiological regulatory network that helps them survive under K + -deficiency stress (13, 62, 129, 146, 155) . Molecular genetic studies of the model plant Arabidopsis and the availability of Arabidopsis genome sequences and knockout mutants have begun to shed light on the complex network underlying plant responses to K + -deficiency stress.
pool in plant cells; the vacuolar K + concentration is variable (between 10 mM and 200 mM) depending on the K + supply and tissue type (81, 152) . Compared with the high K + concentration in plant cells, the typical concentration at the surfaces of roots in the soil is extremely low, varying from 0.1 to 1 mM (92, 133) . Plant root cells therefore absorb K + from the soil against the K + concentration gradient, a process conducted by plant K + transport components such as K + transporters and channels. K + translocation from roots to shoots or from source to sink inside plants is also mediated by K + transporters and channels.
Classification of K + Transport Components
Early investigations indicated that K + uptake in higher plants shows typical dual-affinity (high and low) mechanisms, which perform at different external K + concentrations ([K + ] ext ) and alternate depending on the external K + supply (39) . The high-affinity K + uptake mechanism is mediated primarily by K + transporters at low [K + ] ext (below 0.2 mM) (39, 94) ; the low-affinity K + uptake mechanism is mediated primarily by K + channels at relatively high [K + ] ext (above 0.3 mM) (39, 133) . It seems that plant cells can perceive the [K + ] ext and employ the appropriate K + uptake components for a given concentration.
In many higher-plant species, a large number of genes encoding K + transporters and channels have been cloned and identified (97, 149, 157) . These transporters and channels differ in their energetic coupling, affinity, and selectivity for K + and constitute the complicated K + transport system in plant cells.
The genes from three families-Shaker, TPK (tandem-pore K + ), and Kir (K + inward rectifier)-like-encode K + channel proteins in higher plants (Table 1) (45, 79, 149) . The plant Shaker K + channels have a protein structure similar to that of animal Shaker K + channels initially cloned from Drosophila. Each Shaker K + channel subunit harbors six transmembrane segments and one pore loop, and four subunits form a whole K + channel complex ( Table 1) . Plant Shaker channels exhibit remarkable K + selectivity and voltage sensitivity. They are divided into three categories based on their voltage dependence: Inward-rectifying channels are activated by hyperpolarization potential and mainly mediate K + uptake, outward-rectifying channels are activated by depolarization and function in K + efflux, and weakly rectifying channels could be activated by hyperpolarization and may mediate both K + uptake and K + release depending on the membrane potentials.
Plant TPK and Kir-like channels were previously classified as KCO channels but are now considered two distinct families on the basis of their different channel structures. TPK channels possess four transmembrane segments and two pore-loop domains in tandem ( Table 1) , similar to their animal counterpart KCNK channels. Kir-like channels are related to animal Kir channels and possess two transmembrane segments and one pore-loop domain. Unlike Shaker channels, there seems to be no voltage sensor for TPK and Kir-like channels, implying their weak sensitivity to membrane potentials. But some TPK and Kir-like channels possess EF hand domains (putative Ca 2+ -binding sites) located in the cytosolic C-terminal region, suggesting their sensitivity to Ca 2+ (79) . The plant K + transporters derive mainly from several gene families, including KUP/HAK/KT, HKT, NHX, and CHX (50) . The transporters encoded by the KUP/HAK/KT family are homologs of the bacterial K + transporter KUP and fungal K + transporter HAK1. Some of the KUP/HAK/KT transporters have been verified as performing K + transport activities in plant cells (Table 1) (38, 41, 51, 70, 123) . The analogs of HKT transporters in fungi (Trk transporters) and bacteria (KtrB transporters) function as K + symporters coupling with H + or Na + . However, studies in plants have indicated that most plant HKT transporters function as Na + transporters (50) , and only a few are Na + /K + symporters (46, 124) . Most 
Physiological Functions of K

+
Transporters and Channels
In Arabidopsis, Shaker K + channel AKT1 and KUP/HAK/KT transporter HAK5 are expressed primarily in the roots and function in K + uptake from the external environment (51, 60, 76) . These two transport proteins mediate almost all K + absorption in Arabidopsis roots (51, 117, 141) . For K + translocation between different organs or tissues inside a plant, K + secretion from root cortex cells into the xylem is mediated by the outward-rectifying channels, such as SKOR (47, 159) ; K + loading and unloading in phloem tissues are facilitated mainly by the weakly rectifying K + channels, such as AKT2 (44, 75, 95) .
Stomatal guard cells and pollen cells are regarded as two special types of cells that possess unique K + transport components (63, 98, 110, 138, 157) . Both inward and outward K + channels were initially identified in stomatal guard cells, mediating K + uptake and release, respectively (65, 131, 132) . Further functional characterization showed that the inward K + channels KAT1 and KAT2 control the K + influx across the plasma membrane (PM) during stomatal opening (8, 74, 115, 144) , and the outward K + channel GORK conducts the K + efflux during stomatal closure (1, 66 SPIK mediates K + influx across the PM, which regulates pollen tube growth and development (102). Another TPK channel, TPK4, is also pollen specific and controls the membrane potential across the pollen PM during pollen tube growth (18) .
Inside plant cells, the K + ions could be distributed and recycled between the cytoplasm and vacuole (K + pool). The voltageindependent K + -selective channels were initially identified at the tonoplast of stomatal guard cells, and they are crucial for vacuolar K + release during stomatal closure (158) . Further functional characterization showed that the tonoplast-located TPK1 functions in K + transport across the vacuolar membrane and plays a role in intracellular K + homeostasis, which is important for several physiological activities, such as stomatal movement and seed germination (28, 52) . Other TPK channels (TPK2, TPK3, and TPK5) are also targeted to the tonoplast (151), but their physiological functions remain unknown. K + transporters also participate in intracellular K + compartmentation in plant cells. The two major tonoplast-located NHX members, NHX1 and NHX2, are highly expressed in leaves (10, 15, 16) . These two Na + ,K + /H + antiporters mediate K + uptake into the vacuole, which in Arabidopsis is essential for K + pool creation, flower development, and stomatal movement (15, 16, 147 (129) , which results in metabolic (7, 12) and morphological (62) changes.
Hyperpolarization of the Membrane Potential
The membrane potential across the PM in living plant cells is the main driving force that energizes the K + absorption from soils against the K + concentration gradient. (36, 48, 154) , and SYP121 (a SNARE protein) (64) . The CBL4-CIPK6 complex enhances AKT2-mediated K + flux by facilitating the translocation of the AKT2 channel from the endoplasmic reticulum to the PM in a kinase-interaction-dependent but phosphorylation-independent way (58) . At the tonoplast, CBL3 (or CBL2) interacts with CIPK9 and activates an unknown tonoplast-located K + channel or transporter, facilitating K + release from the vacuole into the cytoplasm (87, 109). In addition, the tonoplast channel TPK1 mediates the K + efflux from the vacuole into the cytoplasm.
TaAKT1 in wheat (22) , LKT1 in tomato (56) , and SKT1 in potato (172) . These channels contain voltage sensors and can perceive changes in membrane potential, and are activated under hyperpolarization conditions. The direction of K + flux across these channels depends on the K + equilibrium potential (E K ) and actual membrane potential (E m ). When E m is more negative than E K , K + influx across these channels occurs; otherwise, the cytoplasmic K + effluxes out of the cells (48, 57 167) . Similarly, the NO 3 − sensing also relies on the phosphorylation status of the CHL1 protein (61) .
Other evidence might also support the hypothesis that the AKT1 inward K + channel acts as a K + sensor. The initial event of plant responses to K + deficiency is membrane potential hyperpolarization in epidermal cells, as discussed above (60, 141) , but this hyperpolarization completely disappears in akt1 mutant plants (60, 141 (165) . Thus, these K + -activated enzymes may act as K + sensors in the cytoplasm. Among these enzymes, pyruvate kinase is considered the most likely candidate (5, 12) . This kinase is highly sensitive to cytoplasmic K + (121), and its activity can be directly inhibited by low [K + ] cyt in root cells after plants are subjected to long-term K + -deficiency stress (12) . This idea is supported by the findings that the cytoplasmic pyruvate content in root cells is significantly reduced under K + -deficient conditions and is restored after K + resupply (7, 12) . The decrease in pyruvate content leads to glycolysis inhibition and subsequently affects many metabolic pathways (such as the TCA cycle and GS/GOGAT/GDH cycle) (12) by which the K + -deficiency signals are transduced to downstream metabolic processes.
Ca
2+ AND ROS SIGNALING
Cytoplasmic Ca 2+ is the most important second messenger in living plant cells in the responses to various biotic and abiotic stresses (125, 161 However, the mechanisms by which these channels function to generate specific Ca 2+ signals remain unclear.
Many nonselective cation channels are activated under a hyperpolarized membrane potential and are therefore called hyperpolarization-activated Ca 2+ channels (31, 59) . Some of these channels have been identified in plant root epidermal cells as well as at root hair tips (30, 148) . They may be activated by the hyperpolarized membrane potential induced by K + -deficiency stress. The Ca 2+ influx mediated by these channels may subsequently generate the specific Ca 2+ signal for K + -deficiency stress (Figure 1) . 
ROS Signaling
ROS, as an important signal component, plays crucial roles in plant stress response, development, pathogen reaction, and many other physiological processes (9, 101). Nutrient deprivation-including deficiencies in K + , nitrogen, phosphorus, and sulfur-could also induce ROS signals in plant root cells (129, 136, 137) . The K + -deficiency-induced ROS signal, which in Arabidopsis occurs in the discrete region of the root just behind the elongation zone, can be detected 6 h after K + deficiency begins and increases within 30 h (Figure 1) (136, 137) . It has been reported that ROS generation is mediated by various oxidases as well as peroxidases. A recent study showed that RCI3, a peroxidase from the type III peroxidase family, is involved in ROS generation in Arabidopsis root responses to K + deficiency (Figure 1 ) (71) . The RCI3-mediated ROS production is also essential for the induction of HAK5 gene expression under K + -deficient conditions (71) . ROS is also important for Ca 2+ signal generation in plant cells because it activates Ca 2+ -permeable channels (31) . In plant root cells, PM-located NADPH oxidase produces extracellular ROS, and these additional ROS molecules directly activate PM-located Ca 2+ -permeable channels (ROS-activated channels) that mediate Ca 2+ flux into the cytoplasm (Figure 1) (32, 111) . One of the ROS-activated channels was recently identified at the molecular level in Arabidopsis root cells (77) . The membrane protein annexin (ANN1) could form a Ca 2+ -permeable channel at the PMs of root hairs and epidermal cells (Figure 1) (Figure 1) (84,  167) . Recent data have shown that CBL10 could also regulate AKT1 channel activity but displays a negative effect on AKT1-mediated K + uptake (Figure 1) (122a) . CBL4 is involved in the regulation of AKT2 traffic from the endoplasmic reticulum to the PM (Figure 1 ) (58) . Moreover, CBL2 and CBL3 may function in the regulation of K + transport between the vacuole and cytoplasm (Figure 1) 
CBL-CIPK Complexes
The Xu et al. (167) showed that the CBL-CIPK complex participates in the regulation of plant K + uptake under K + -deficiency stress. CBL1 and/or CBL9 interact with CIPK23 and recruit it to the root cell PM, where it phosphorylates the K + channel AKT1 (Figure 1) (84, 167) . CIPK23 transcription can be induced by K + -deficiency stress (Figure 1 ) (167) , suggesting that CIPK23 activity and subsequent AKT1 phosphorylation could be enhanced. Eventually, K + uptake mediated by AKT1 channels is enhanced under K + -deficient conditions (167) . Another CBL protein, CBL10, was recently identified as a negative regulator of the AKT1 channel (Figure 1) (122a) . CBL10 interacts directly with the AKT1 channel and inhibits AKT1-mediated K + flux into the cytoplasm. This finding suggests a novel regulatory mechanism of CBL proteins-that they may directly regulate target proteins in a CIPK-independent manner. The CBL4-CIPK6 complex was also found to be involved in the regulation of another Shaker K + channel, AKT2, although the phosphorylation of AKT2 by CIPK6 was not observed (58) . The CBL4-CIPK6 complex enhances AKT2-mediated K + currents by facilitating the translocation of AKT2 channels from the endoplasmic reticulum to the PM in a kinase-interaction-dependent but
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phosphorylation-independent way (Figure 1 ) (58) . Recent experimental results have shown that another CBL-CIPK complex, CBL3-CIPK9, functions in the tonoplast and may regulate K + transport between the cytoplasm and the vacuole (Figure 1) (87) . CIPK9 is the CIPK family member closest to CIPK23, and CIPK9 loss of function results in a phenotype tolerant of K + -deficient conditions (87); the overexpressing line of CIPK9, in contrast, is sensitive to K + -deficiency stress. These results suggest that CBL3-CIPK9 may modulate a tonoplastlocated K + channel or transporter and act as a negative regulator to control K + transport from the vacuole to the cytoplasm, especially under K + -deficient conditions (87, 109). Most of these CBL-CIPK pathways regulate the activities of ion channels or transporters at the PM or tonoplast. Localization analysis has indicated that most of the CBL proteins target to the PM (CBL1/4/5/9/10) or tonoplast (CBL2/3/6), with the exceptions of CBL7 and CBL8 (17) . The CIPK proteins, in contrast, do not show specific localization, and most of them exhibit cytoplasmic and nucleoplasmic localization (17) . CBLs seem to play a crucial role in determining the specific subcellular localization of CBL-CIPK complexes. By interacting with CBLs, CIPK proteins may be recruited to different membranes. It is plausible that more ion channels or transporters are being regulated by CBL-CIPK complexes and that CBL-CIPKmediated signaling mechanisms play a crucial role in ion homeostasis in plant cells.
Phosphorylation and Dephosphorylation of K + Channels
More and more evidence supports the idea that the activities of plant ion channels and transporters are significantly regulated by phosphorylation (49, 61, 84, 120, 167) and dephosphorylation (26, 80) . In Arabidopsis, the AKT1 channel is phosphorylated by the serine/threonine kinase CIPK23, which enhances the K + uptake activity of AKT1 under K + -deficient conditions (84, 167). The phosphorylated AKT1 could be dephosphorylated by the 2C-type protein phosphatase (PP2C) AIP1 (AKT1-interacting PP2C 1), resulting in the inhibition of AKT1 activity (Figure 1 ) (80). It has been suggested that the kinase CIPK23 and phosphatase AIP1 both interact with AKT1, forming a molecular complex to regulate AKT1 activity by switching its phosphorylation status (80). Another Shaker K + channel, AKT2, is also regulated by phosphorylation and dephosphorylation (26) . The phosphorylation status of AKT2 is crucial for its channel activity and physiological function in plant cells (44, 99) . The modification of AKT2 by phosphorylation significantly regulates AKT2 function in K + circulation in the phloem, which serves as a "K + battery" and assists the H + -ATPase in energizing transmembrane transport (44) . Unfortunately, the protein kinase(s) that may phosphorylate AKT2 channels have not been identified at the molecular level. However, AtPP2CA does interact with AKT2 and inhibit AKT2-mediated K + currents by direct dephosphorylation of AKT2 (Figure 1) (26) . Phosphorylation and dephosphorylation of K + channel proteins are clearly important mechanisms for the regulation of K + uptake and translocation in plant cells, and may also benefit plant adaptation to K + -deficiency stress.
Other Regulatory Proteins of K + Channels
Studies in animals have shown that different K + channel subunits from the same subfamily can assemble and form heterotetrameric channels that exhibit new channel properties, apparently different from those of homotetrameric channels (106) . The plant Shaker K + channels show high structural similarity with animal K + channels, indicating that a similar heterotetramerization might also exist in plant cells. Structural analysis shows that in plant cells the C-terminal regions of plant Shaker K + channels seem to assist channels to form functional heterotetramers (29, 37) . Early studies indicated that plant Shaker α-subunits from different tissues, species, and subfamilies could assemble indiscriminately and form heterotetrameric K + channels with diverse characteristics (35, 166) . The best-investigated heterotetrameric channel in plant cells is the AKT1-AtKC1 complex in Arabidopsis. AtKC1 itself could not form a functional homotetrameric K + channel (122), but it acts as a general regulatory α-subunit that negatively modulates many inward Shaker K + channels, including AKT1, AKT2, KAT1, and KAT2 (36, 48, 67, 154) . AtKC1 interacts with AKT1 to form an AKT1-AtKC1 heterotetrameric K + channel, and it inhibits AKT1-mediated K + currents by negatively shifting the voltage dependence of the AKT1 channel (Figure 1 ) (36, 48, 154 ). This negative regulation may limit AKT1-mediated K + leakage in Arabidopsis roots under K + -deficient conditions (48, 154) . Because many plant K + channels harbor regulatory domains in the cytoplasm, they could be modulated by various cytoplasmic regulatory components, such as trafficking proteins (64, 142), 14-3-3 proteins (78, 140), and K + channel β-subunits (169). SYP121 is an identified SNARE protein that mediates the traffic and positional anchoring of K + channels to the PM (142) . It preferentially interacts with the AtKC1 channel rather than AKT1 and promotes the gating of the AKT1 channel, suggesting that it plays a role in regulating K + uptake in Arabidopsis roots (Figure 1) (64) . The 14-3-3 proteins are also involved in regulating K + channel activities in plant cells. Sottocornola et al. (140) revealed that the maize 14-3-3 protein GF14-6 can directly interact with the Arabidopsis KAT1 channel and that it increases KAT1-mediated K + currents in vitro by shifting the channel activation voltage to a more positive direction. A similar activation by 14-3-3 proteins was also observed in the tonoplast. In Arabidopsis, the 14-3-3 protein GRF6 interacts with TPK1, an important K + channel, in the tonoplast and strongly enhances TPK1 activities (Figure 1 ) (78) .
In addition, plant Shaker K + channels possess three main regulatory domains-CNBD (putative cyclic nucleotide-binding domain), Anky (ankyrin domain), and KHA (domain rich in hydrophobic and acidic residues)-that function in cyclic nucleotide binding, subunit tetramerization, and interaction with regulatory proteins (45, 149) . Investigations of the AKT1 channel have indicated that AKT1 could be modulated by several regulatory proteins (36, 48, 122a, 154, 167) . Thus, the identification and characterization of more plant K + channel regulatory proteins would increase our understanding of regulatory mechanisms of plant responses to K + -deficiency stress.
TRANSCRIPTIONAL REGULATION IN PLANT RESPONSES TO K + DEFICIENCY
Transcriptional regulation has been widely investigated in plant responses to environmental stimuli. A number of marker genes for responses to specific stresses have been characterized. Transcriptomic analyses of plant responses to nutrient deficiencies have been performed using microarray technology, which provides the genome-wide gene expression profiles for the study of transcriptional regulation in plant responses to nutrient deficiencies. Previous transcriptomic data revealed that many genes are transcriptionally regulated by phosphorus and nitrogen deprivation (153, 162) . Under K + -deficient conditions, some K + -related genes-including those encoding K + transporters, regulatory factors, and signaling components-are also regulated at the transcriptional level (11, 51, 91) .
K + Transporter Genes
Investigations of plant responses to nutrient deficiencies (e.g., deficiencies in K + , nitrogen, phosphorus, or sulfur) have indicated that the transcription of many ion transporter genes is significantly induced when the substrate concentration in the growing medium is significantly decreased, and such a transcriptional induction may eventually enhance nutrient absorption from the external environment (6 K + transporter genes, rather than K + channel genes, respond to K + -deficient conditions. It has been hypothesized that the K + transporters are regulated primarily at the transcriptional level, whereas K + channels are regulated primarily at the posttranslational level.
In Arabidopsis, the transcription of some K + transporter genes-including AtHAK5, AtKEA5, AtKUP3, AtCHX13, and AtCHX17-is induced by K + deficiency (Figure 2 ) (2, 24, 50, 70, 137, 170) . Among these genes, AtHAK5 shows remarkable transcriptional induction by K + deficiency, and is also regarded as the marker gene in Arabidopsis response to K + deficiency (51, 137) . The increase of AtHAK5 transcription under K + -deficient conditions is also dependent on the ROS signal generation and transcription factor RAP2.11 (Figure 2)  (68, 71, 72, 137) . Notably, the K + transporters from the HAK gene family seem to be the major components whose transcription is induced under K + -deficient conditions. The AtHAK5 homologs from other plant species, such as LeHAK5 (156) 
K + Channel Regulator Genes
Unlike AtHAK5, AKT1 transcription is not induced by K + deficiency (114). However, CIPK23, which encodes the positive regulator of the AKT1 channel (as described above), showed significant transcriptional change under K + -deficiency stress (Figure 2 ) (25, 167) . In addition, CBL10, which encodes a negative regulator of the AKT1 channel, showed transcriptional inhibition under K + -deficiency stress (Figure 2) (122a) . Interestingly, another gene that encodes an AKT1 negative regulator, AtKC1, is induced by K + deficiency at the transcriptional level (Figure 2) (137) . A K + -deficiency-induced increase of AtKC1 transcription may subsequently increase AtKC1 activity, which negatively shifts the voltage dependence of AKT1 channels and reduces K + leakage through AKT1 under K + -deficient conditions (48, 154) . These results suggest that the transcriptional regulation may be a more important mechanism for AKT1 regulator genes than AKT1 itself.
Other K + -Deficiency-Responsive Genes
ROS, Ca
2+ , ethylene, and jasmonic acid have been considered the major signals in plant responses to K + -deficiency stress (11, 129, 137) . Transcriptomic analysis has revealed that a series of genes related to ROS metabolism, Ca 2+ signal perception, and ethylene and jasmonic acid synthesis are significantly induced by K + deficiency. In Arabidopsis, the NADPH oxidase gene RHD2 and the peroxidase gene RCI3, which are involved in ROS generation, are significantly upregulated following K + deprivation (Figure 2) (71, 137) . Furthermore, the induction of these two genes is required for the transcriptional regulation of a series of ROS-dependent genes in plant responses to K + deficiency (71, 137) . However, in rhd2 mutant plants that lack ROS production, many K + -deficiency-induced genes, such as WRKY9 and AtHAK5, are no longer upregulated following K + -deficiency stress (137) . In addition, two ethylene-synthesis-related genes-those encoding the AP2 transcription factor and ACC oxidase-are also induced under K + -deficient conditions in wild-type plants but not in rhd2 mutant plants ( Figure  2 ) (137) . These results suggest that both ROS and ethylene are involved in plant responses to K + -deficiency stress and that ethylene may be the upstream signal of ROS generation (Figure 2) (68) .
The genes related to jasmonic acid biosynthesis-such as those encoding the jasmonic biosynthetic enzymes lipoxygenase, allene oxide synthase, and allene oxide cyclase-are also significantly induced by K + deficiency but quickly reduced after K + resupply, suggesting jasmonic acid's prominent role in plant signaling in response to K + deficiency (Figure 2 ) (11) . Plant Ca 2+ sensors, including many CaM and CML genes, are regarded as important K + -responsive genes, and their transcription is also induced under K + -deficient conditions (Figure 2) (11, 91) . These transcriptionally regulated genes may participate in perceiving and transducing K + -deficiency signals and play a role in plant adaptation to K + -deficiency stress (11, 137) .
ROOT GROWTH UNDER K + -DEFICIENT CONDITIONS
K + is considered the main osmotic cation in plant root cells, and it generates turgor pressure for cell expansion in the elongation zone of plant roots (34) . K + deficiency significantly affects root growth and root architecture, including inhibiting primary root growth and stimulating root hair elongation (68, 146) . More and more data have revealed that the root morphology under K + -deficient conditions is significantly dependent on external ammonium (NH 4 + ) concentration and regulated by phytohormones such as ethylene and auxin.
Root Growth and NH
+ can be utilized as an important nitrogen source for higher plants. However, high NH 4 + concentrations in the environment may generate toxicity and dramatically repress plant root growth (23) . This repression is pronounced when the available K + in the external medium is reduced but reverses when the K + is resupplied (Figure 3) (23, 167) . It is likely that the NH 4 + inhibition of root growth is due to competition and interference with K + uptake in plant root cells. NH 4 + and K + ions have similar properties in terms of hydrated ion diameter, charge value, and hydration energy, which causes the absorption interference of these two ions (143, 145) .
In higher plants, the NH 4 + uptake is mediated mainly by NH 4 + transporters (Figure 3) (168) . However, some K + transporters and channels-such as AKT1, AtHAK5, and HvHKT2.1-are also permeable to NH 4 + (145). As the external NH 4 + concentration increases, the K + uptake is competitively inhibited by NH 4 + absorption via these K + transporters and channels (145). It should be noted that AKT1-like K + channels are insensitive to high external NH 4 + concentrations, whereas the K + transporters, such as AtHAK5, HvHAK1, and CaHAK1, are considered NH 4 + -sensitive components whose K + transport activities are inhibited by external NH 4 + (Figure 3) (96, 126, 141) . Furthermore, the transcriptional induction of K + transporter genes by K + -deficiency stress is also impaired in the presence of + is absorbed directly into plant cells by NH 4 + transporters and inhibits the primary root growth (23, 146, 168) . Ethylene is induced by K + -deficiency stress (137) and enhances auxin transport toward roots by increasing PIN3 and PIN7 transcription in the central cylinder, resulting in auxin accumulation in the meristematic zone (103). At the root tip, ethylene enhances auxin transport from the root apex to the elongation zone by increasing PIN2 and AUX1 transcription (103). Eventually, the accumulated auxin in the elongation zone reduces the primary root elongation but stimulates the root hair initiation and elongation. concentration could inhibit both K + transporter activity and transcription under K + -deficient conditions.
Root Growth and Phytohormones
The phytohormones have been proposed to participate in plant root morphology under K + -deficient conditions. It is interesting that the addition of ethylene or auxin to the external medium leads to the inhibition of plant primary root growth and root hair elongation and that such a phenotype change is very similar to the phenotype change observed in K + -deficient plants (68, 103) . This phenomenon indicates that ethylene and auxin may participate in the root morphology regulation under K + -deficient conditions. Ethylene is the initial responsive phytohormone to K + deficiency, and its content is significantly increased only 6 h after K + deficiency begins (Figure 3 ) (137) . That several genes related to ethylene generation are significantly induced by K + deficiency is consistent with this finding (137) . Moreover, the phenotype changes in primary root growth and root hair elongation are also observed in ethylene-treated plants and in constitutive ethylene response mutants (68, 116) , and the inhibition of primary root growth by K + deficiency is relieved in etr1 and ein2 mutant plants (68) . These results suggest that the root morphology under K + -deficient conditions requires the ethylene signaling pathway and depends on ETR1 and EIN2 (68) .
The inhibition of primary root growth by K + deficiency can be reversed in auxin-resistant mutants, indicating that auxin is another important phytohormone involved in the regulation of root architecture under K + -deficient conditions (23) . The detection of DR5:GUS expression in roots shows that auxin accumulates in central cylinder cells in the distal elongation zone following K + deprivation (150) . This auxin redistribution under K + -deficient conditions is likely caused by the alteration of auxin transport, which requires TRH1, a putative K + transporter belonging to the KUP/HAK/KT family (150) . Recent studies have revealed that ethylene and auxin may function together, forming auxin-ethylene crosstalk, and synergistically or antagonistically control plant root growth and development (103). Ethylene could enhance auxin synthesis and transport in plant roots so that the accumulated auxin in the elongation zone reduces primary root growth but stimulates root hair elongation (Figure 3) (103). One may further hypothesize that ethylene acts as an upstream component of the auxin signaling pathway in plant responses to K + deficiency. The ethylene signal initially induced by K + deficiency regulates auxin synthesis and distribution.
CROSSTALK BETWEEN K + AND OTHER MINERAL NUTRIENTS
Studies on signaling in plant responses to nutrient deficiencies have shown that different nutrient deficiencies may induce the same signaling component (such as ROS) at the early stage of nutrient deficiency (129, 136) . ROS signal elevation is always observed in plant roots when plants are subjected to different nutrient deficiencies (e.g., deficiencies in K + , nitrogen, phosphorus, or sulfur) (129, 136) . In addition, many nutrition-related genes are always induced by deprivation of different nutrients (136) . These results indicate that crosstalk may exist among different signaling pathways for plant responses to different nutrient deficiencies.
Recent investigations have indicated that K + nutrient signaling has a close relationship with nitrogen nutrition at both the transcriptional and posttranslational levels (Figure 4 ) (146) . In Arabidopsis, K + deficiency not only induces the expression of K + transporter genes but also alters the transcription of NO 3 − transporter genes. Several NO 3 − transporter genes, including NRT1. 5, NRT2.1, NRT2.3, and NRT2.6 , are downregulated in plant roots under K + -deficient conditions, but normal transcription quickly resumes after K + resupply (Figure 4 ) (11, 85) . NRT2.1 is a high-affinity transporter involved in NO 3 − uptake in roots (86), and NRT1.5 is responsible for NO 3 − loading from pericycle cells into the xylem (85). Interestingly, K + translocation from roots to shoots is reduced in nrt1.5 mutants (85). These findings suggest that NO 3 − uptake and transport may somehow relate to K + supply levels and that K Schematic model of the crosstalk between K + and nitrogen signaling in Arabidopsis responses to K + and nitrogen deficiencies. The K + transporter HAK5 and K + channel AKT1 play a major role in K + uptake in Arabidopsis roots (51, 60, 76, 117) , and the NO 3 − transporters CHL1 and NRT2.1 function in NO 3 − uptake (61, 86 channel AKT1, modulates the activity of the NO 3 − transporter CHL1 (Figure 4) (61, 167) . The K + transport activity of the AKT1 channel is activated by CIPK23 via phosphorylation, so that the AKT1-mediated K + uptake is enhanced under K + -deficient conditions (167) . Similarly, after phosphorylation by CIPK23, CHL1 shifts to the high-affinity mode and mediates NO 3 − uptake under low-NO 3 − conditions (61 the carbon flux into the TCA cycle and reducing amino acids in plant roots, respectively (12) . However, the GS/GOGAT/GDH cycle activity in roots is enhanced after K + deprivation, which maintains carbon flux into amino acids in the face of reduced glycolysis (12) . This coregulation of K + and nitrogen nutrition may also function in the balance of carbon and nitrogen metabolism and modulate the carbon/nitrogen ratio in amino acids under K + -deficient conditions (12) .
CONCLUSIONS AND FUTURE CHALLENGES
This review summarizes the most recent findings in plant signaling and transport regulation in response to K + deficiency. Because of space limitations, we have focused on the components involved in the regulation of K + uptake in roots as well as K + translocation from root to shoot. Other research fields closely related to K + signaling, such as the regulation of stomatal movement (110, 138, 157) and pollen tube growth (63, 88, 98) , have also made great progress and are facing similar challenges.
The extensive genomic, molecular genetic, and physiological studies of the past two decades have shed light on the signaling mechanisms and transport regulation of plant responses to K + deficiency. Many K + transporters and channels in higher plantsespecially Arabidopsis-have been cloned, and some have been functionally characterized. These K + transporters and channels are regarded not only as the major components of K + uptake and translocation but also as potential K + sensors for plant responses to K + deficiency. However, the functions and regulatory mechanisms of many K + transporters and channels remain unknown. Thus, future investigations should give attention to further functional characterization of these channels and transporters and to the regulatory mechanisms of these components. Analyzing the coordination among various channels and transporters is also an important task, one that would benefit our understanding of the complex signaling network for plant responses to K + deficiency. 
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